We investigate a novel design for high-power large-mode-area leakage channel fibers (LCFs) with a single octagonal dual-diameter air-hole ring encircling a nine-cell pure-silica core, having a tenfold differential mode loss and increased resistance to bending.
Introduction
Development and enhancement of fiber lasers and amplifiers with high power ranging from tens of watts to many kilowatts [1] [2] [3] have been driven by a strong industrial demand and fostered significant progresses in the development of Large-Mode-Area (LMA) single-mode optical fibers, aiming to solve the main problem of highpower Yb-doped fiber lasers, that is the suppression of nonlinear effects, such as self-phase modulation, Raman scattering, and Brillouin scattering. This can be partially overcome by deploying LMA fibers with reduced Numerical Aperture (NA) to suppress the multi-mode behavior, though this leads to a significant worsening of the macro-bending loss characteristics. The achievement of a suitable trade-off requires the employment of speciallydesigned fibers with high NA, where the Higher-Order Modes (HOMs) propagation can be impaired, obtaining an effectively single-mode operation. In standard fibers a maximum core diameter limit of 30 µm is fixed by the onset of multi-mode behavior [4] , so it is useful to consider all-silica Photonic Crystal Fibers (PCFs), which permit very broad-band single-mode LMA operation. However, a very similar limit on core diameter has been discovered in PCFs, due to the increase of bending losses [5] .
Recently, Dong et al. have proposed to address these issues by the adoption of LCFs [6] [7] [8] [9] [10] , whose cladding is formed by a single air-hole ring. While inherently lossy, as only leaky guided modes can propagate, these fibers offer enough degrees of freedom to independently engineer the Confinement Loss (CL) of the different modes by tuning the air-hole pitch and diameters. In particular, the HOM CL can be greatly increased, while the Fundamental Mode (FM) CL can be kept low enough to allow almost unhindered propagation. Designs have been proposed which make use of both air-holes and down-doped silica rods as elements of the ring, where the doped-rod method has the advantage of easier construction and splicing with standard single-mode fibers, while the air-hole method has the advantage of a greater confinement due to the higher index contrast. Also, a quality criterion has been considered for defining an LCF as effectively single-mode, that of having the FM CL, CL fund , equal or lower than 0.1 dB/m, while the LP 11 -like HOM CL, CL 2nd , should be equal or larger than 1 dB/m [9] . However, this does not guarantee bending performance, as a recently-reported all-glass LCF design featuring a one-cell pure-silica core encircled by six downdoped silica rods, while fulfilling the aforementioned criterion, suffers too high bending losses to be suitable for the intended applications [10] .
In this work we propose and numerically investigate a novel dual-diameter design for single-mode air-hole LMA LCFs with reduced bending loss, building on an approach already successfully employed with LCFs characterized by a single air-hole ring [11] , where the solid core region size is increased by adding multiple pure-silica rods, and by increasing the polygonal order of the ring shape from hexagonal to octagonal. This approach trades off higher construction complexity for the ability to increase confinement by reducing the gap between the air-holes [12] . The simulations have been performed with a full-vector FEM (V-FEM) [13, 14] solver using perfectly matched layers. From the V-FEM modal analysis we calculate the effective area, A eff , and the loss variations as a function of the rod spacing, or pitch, Λ and the normalized rod diameter d/Λ. We show that the proposed air-hole LMA-LCF with a nine-cell core and two different sizes of air-holes achieves sufficient differential mode loss and lower bending loss, as compared with the constant-diameter polygonal air-hole design, at the typical operating wavelength of 1064 nm for high-power Yb-doped fiber devices. This proves the new design criterion to be highly successful in reducing bending loss, while preserving the effectively single-mode condition.
Leakage Channel Fiber Design and Numerical Results
The octagonal LCF is designed by repeating an isosceles unit triangle with a vertex angle of 45° around the solid core, resulting in a hole-to-hole spacing inside the same ring different from the one between adjacent rings, which is assumed as the pitch Λ [12] . This originates an air-hole ring bearing an octagonal shape and the LCF studied, shown in Fig. 1(a) , is named LCF9o, according to the number of unit cells contained in the core. Fig. 2(a) shows the contour plots of the effective area (color map) of the FM at 1064 nm, as a function of Λ and d/Λ for the LCF9o, where the solid white curve depicts the A eff = 1400 µm 2 condition, while the dashed and solid black curves correspond to CL fund = 0.1 dB/m and to CL 2nd = 1 dB/m at 1064 nm, respectively. This last value is enough to guarantee the suppression of HOM propagation in practical devices, while the maximum CL fund limit of 0.1 dB/m ensures negligible transmission loss. We can see that, as the solid curve lies below the dashed one, the LCF9o designed with equal-sized holes cannot fulfill both constraints at the same time. In particular, when CL 2nd = 1 dB/m for Λ = 17.03 µm and d/Λ = 0.377, we have CL fund = 0.22 dB/m, which is considered too high to achieve effectively single-mode operation.
The LCF9o fiber can fulfil this condition if we employ two different hole diameters, which increases the HOM leakage loss while keeping the FM one low enough. Fig. 1(b) shows the cross-section of a LCF9o fiber formed by sixteen air-holes with diameters d 1 and Fig. 2(b) , we show the FM effective area contour plots at 1064 nm as a function of Λ and d 2 /Λ for the LCF9o-2, where we have set d 1 /Λ = 0.7 to decrease the bending loss. For symmetry reasons, the effective index of the LCF9o-2 FM depends on polarization, but, due to the large core size, the birefringence is expected to be negligible at 1064 nm. For the LCF9o-2, the dashed curve is slightly above the solid one. However, at the intersection point where CL 2nd = 1 dB/m for A eff = 1400 µm 2 , we obtain CL fund = 0.11 dB/m, thus for all practical purposes the fiber can achieve effectively single-mode operation. The corresponding geometrical parameters are Λ = 17.68 µm, d 1 /Λ = 0.7, and d 2 /Λ = 0.371. This compares favorably with the hexagonal air-hole ring designs [11] , where the effectively single-mode condition was defined with a 0.3 dB/m limit on CL fund .
Lastly, in Fig. 3(a) we present the FM bending loss at 1064 nm as a function of bending radius, comparing LCF9o and LCF9o-2 using V-FEM in a local cylindrical coordinate system [14] , for the A-A' (solid) and B-B' (dashed) bending planes indicated in Fig. 1 . The LCF9o-2 bent parallel to the A-A' plane has the lowest bending loss of less than 0.2 dB/m up to a 15-cm bending radius, while the B-B' plane curve is only slightly higher than the symmetric curve of the LCF9o. It compares also very favorably with the hexagonal designs, which require a 24 airhole ring to achieve a loss around 2 dB/m at 15 cm bending. Finally, in Figs. 3(b) and 3(c) we plot the optical field distributions at 1064 nm in the curved LCF9o and LCF9o-2, respectively, for a 15 cm A-A' plane bending radius, noting how the larger holes of the LCF9o-2 fiber offer smaller gaps to the outer cladding, permitting to keep the field better confined into the solid core. 
Conclusion
A novel type of polygonal effectively-single-mode LCFs with 1400 µm 2 effective area has been investigated. An octagonal LCF with a nine-cell solid core and a single ring of air-holes can achieve a large core diameter around 50 µm and bending loss below 0.2 dB/m at 1064 nm up to a 15 cm bending radius.
